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ABSTRACT: Neutron reflectivity is a powerful tool for exploring polymer dynamics
above the glass-transition temperature at short diffusion times in layered thin-film
systems. Recent studies of membrane-mediated interdiffusion in deuterium-labeled
systems have shown that ultrathin membranes can track the position of the interface
in binary polymeric diffusion couples and also can discriminate between perdeuterated
and hydrogenous polymers of the same molecular weight. This report shows that
similar dynamic information can be obtained for binary hydrogenous polystyrene (hPS)
diffusion couples separated by an ultrathin (6-nm) isopentylcellulose cinnamate (IPCC)
membrane on Si wafers (air//hPS/IPCC/hPS//Si, where “//” represents an interface
between obviously different phases and “/” represents a dynamic interface between
polymeric species). In particular, the air//hPS/IPCC/hPS//Si system provides the same
information as perdeuterium-labeled polystyrene (dPS) diffusion couples separated by
the same IPCC membrane (air//dPS/IPCC/dPS//Si). This technique has potential appli-
cations for the study of confinement effects on thin-film dynamics and macromolecular
transport across membranes. © 2004 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys
42: 3248–3257, 2004
Keywords: diffusion; LB films; nanotechnology; neutron reflectivity

INTRODUCTION

Neutron scattering and neutron reflectivity (NR)
have proven to be powerful techniques for probing
the structures and dynamics in organic sys-
tems.1,2 The reason for this success is that, unlike
a material’s light and X-ray scattering properties,

its neutron scattering properties can be controlled
through isotopic substitution. For light, in which
regions with differences in the optical refractive
index give rise to scattering, isotopic labeling only
has a small effect on the refractive index. More
extremely, X-ray scattering, which is governed by
electron density differences that principally scale
with atomic numbers, is essentially unaffected by
isotopic substitution. With neutrons, the scatter-
ing is governed by the coherent scattering length
density (SLD) or the coherent scattering length
per unit of volume (b/V), a nuclear property,
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which widely varies across the periodic table and
even from isotope to isotope.3 The most famous
example of this is the hydrogen atom, with a
negative coherent scattering length (bH � �3.74
fm), and deuterium, with a positive coherent scat-
tering length (bD � 6.67 fm). This allows one to
synthetically tune the coherent SLD of poly-
atomic materials:1,2

�b/V� � NA �
i

�i

Ai
bi (1)

where i represents different types of atoms; NA is
Avogadro’s number; and bi, �i, and Ai correspond
to the coherent scattering length, mass density,
and atomic mass of atom type i, respectively. As
SLD is directly related to a material’s refractive
index for neutrons (n)1,2

n � 1 � � � i� (2)

with the absorption term � being negligible for
most organic materials and � being equal to (�2/
2�)(b/V) (where � is the neutron wavelength), it is
possible to synthetically tune the neutron scatter-
ing properties of organic materials. This ability to
manipulate scattering via isotopic substitution
has allowed researchers using NR to obtain high-
resolution (ca. 0.5 nm) information on the inter-
facial structure of a variety of organic-based sys-
tems, such as surfactants,4 tethered polymer
brushes,5 block copolymers,6 polymer blends,7

Langmuir–Blodgett (LB) films,8 and biological
systems.9

Although isotopic labeling is important for as-
sessing structure and dynamics10 by NR, as well
as other depth profiling techniques such as nu-
clear reaction analysis,11 secondary ion mass
spectrometry,12 and forward recoil elastic scatter-
ing,13 caution must be used, particularly with
polymeric samples.14 Early work with small-an-
gle neutron scattering showed that phase separa-
tion could occur between high polymers that only
differed in terms of deuterium labeling.15–18 Sim-
ilarly, NR studies have shown that mixtures of
perdeuterium-labeled and hydrogenous materials
form a surface excess of the lower energy species
at the surface.19 More recently, it has been shown
that a perdeuterium-labeled polymer can pass
through an ultrathin membrane more quickly
than a hydrogenous polymer of the same degree of
polymerization.20,21

The focus of this article is an important set of
control experiments for the verification of isotopic
effects observed during membrane-mediated
polymer interdiffusion experiments.20,21 In these
systems, a trilayer is prepared on Si wafers of the
type air//C/B/A//Si, where “//” represents an inter-
face between obviously different phases in the
system and “/” represents a dynamic interface
between polymeric species. In previous studies,
species A has been perdeuterium-labeled polysty-
rene (dPS), species B has been an ultrathin (ca. 6
nm) crosslinked network of isopentylcellulose cin-
namate (IPCC) that serves as a model membrane
of biological dimensions, and species C has been
either hydrogenous polystyrene (hPS)20 or dPS.21

NR has been used to measure the displacement of
the membrane from its initial position during
quench experiments. These systems share simi-
larities with Kirkendall effect experiments in me-
tallic systems22–24 and gold marker experiments
in polymeric systems25–30 but also exhibit some
significantly different effects.20,21 New results for
films of the type air//hPS/IPCC/hPS//Si are pro-
vided and are compared with prior results for the
air//hPS/IPCC/dPS//Si and air//dPS/IPCC/dPS//Si
systems.

EXPERIMENTAL

Materials

Specific polystyrene (PS) properties (Polymer
Laboratories, Inc., and Polymer Source, Inc.)31

are summarized in Table 1.32 “k” is used in the
table and throughout this article as shorthand
notation for kg mol�1. The IPCC used for the
membrane was prepared as follows.33 Isopentyl
cellulose [0.5 g; nominal degree of substitution
(DS) � 2.4]8 was reacted with 1.0 g of pyridine
and 1.6 g of cinnamoyl chloride (predominately
trans) at 50 °C in 25 mL of freshly distilled tet-
rahydrofuran for 24 h under argon. The resulting
polymer was recovered in water and was repre-
cipitated twice from tetrahydrofuran into water
and twice from chloroform into methanol. The
final product was dried in vacuo at room temper-
ature overnight to afford 0.33 g of the recovered
product (nominal yield � 62%). The 1H NMR
(Bruker AC 300-MHz FT spectrometer in 1,1,2,2-
tetrachloroethane-d2 at 100 °C) data were as fol-
lows: for the cinnamate side-chain protonscn, �
� 7.7 (d, J � 16 Hz, 1H, H-3cn), 7.5 (m, 2H,
aromaticcn), 7.3 (m, 3H, aromaticcn), and 6.4 ppm
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(d, J � 16 Hz, 1H, H-3cn); for the cellulose back-
bone protonsbb, � � 4.3 (br d, 1H, H-1bb) and
3.9–2.9 ppm (br m, 8H, H-2bb to H-6bb � H-1ip);
and for the isopentyl side-chain protonsip, � � 1.7
(br m, 1H, H-3ip), 1.4 (br m, 2H, H-2ip), and 0.9
ppm (dd, 6H, H-6ip). The hydroxyl groups on the
cellulose backbone along with the generally broad
polymer peaks complicate the integration of the
different side groups for an NMR-based DS;
therefore, the number of equivalent protons per
position on each group is reported. For the same
reason, elemental analysis was instead used to
calculate the DS (C, 66.13%, and H, 9.46%). Thus,
the calculated DS values are 2.1 (isopentyl), 0.3
(cinnamate), and 0.6 (hydroxyl) per monomer,
giving a repeat unit molar mass of 347.8 g mol�1.
PS equivalent molar masses, which were deter-
mined on a Millipore–Waters 860 gel permeation
chromatography (GPC) system in tetrahydrofu-
ran, yielded a weight-average molecular weight
(Mw) of 176 kg mol�1 and a polydispersity index
[weight-average molecular weight/number-aver-
age molecular weight (Mw/Mn)] of 1.96.

Si Wafer Preparation

The 3-in., 3-mm-thick Si wafers (Polishing Corp.
of America, Inc.) were treated with an ozone
plasma (Anatech, Ltd.). Plasma cleaning was fol-
lowed by the boiling of the wafers in a 1:1:5 (v/v/v)
mixture of concentrated ammonia, 30% hydrogen
peroxide, and deionized water for 1.5 h and in a
7:3 (v/v) mixture of concentrated sulfuric acid and
hydrogen peroxide for 1.5 h to create a very hy-
drophilic Si wafer. Finally, the wafers were ex-
posed to a buffered hydrofluoric acid etch [Com-

plementary Metal Oxide Semiconductor (CMOS)-
grade; Doe and Ingalls] for 5 min and to a 40%
ammonium fluoride solution (CMOS-grade; Doe
and Ingalls) for an additional 5 min to produce a
stable hydrophobic surface.

Preparation of the Bottom PS Layer of the Air//C/
B/A//Si Trilayer Samples

With a wafer prepared as previously described, an
approximately 50-nm-thick layer of PS (polymer
A) was prepared via the spin-coating of a filtered
(0.25-	m Teflon) PS solution in toluene. Subse-
quently, the film was annealed for 2 h at 120 °C to
ensure the removal of the solvent.

LB Transfer of the Membrane in the Air//C/B/A//Si
Trilayer Samples

With the aforementioned annealed PS-coated Si
wafers, an approximately 6-nm-thick membrane
(B) of IPCC was LB-transferred onto A (air//A//
Si). This step was accomplished by the Y-type
deposition of six layers at a surface pressure of 15
mN m�1 and a dipping speed of 5 mm/min with a
NIMA 611 alternating-layer trough (NIMA Tech-
nology, Ltd.).

Crosslinking of the Membrane in the Air//C/B/A//
Si Trilayer Samples

The membrane was subsequently photocrosslinked
in a Ziploc sandwich bag under argon with a mer-
cury lamp (model 90-0003-01, BHK, Inc.) equipped
with a 290-nm cutoff filter (Schott Glass Technolo-
gies, Inc.) for 10 h at a distance of 5 in. to form a

Table 1. Mw Values of the PS Samples Used in This Study

Code

Stateda Measured by GPCb,d

Mw

(kg mol�1)32 Mw/Mn nw
c

Mw

(kg mol�1)32 Mw/Mn nw
c

40k dPS 40.0 1.02 357 40.2 
1.03 359
39k hPS 39.0 1.02 375 37.5 
1.03 361
36k hPS* 36.0 �1.1 346 38.1 
1.03 367
28k hPS 28.5 1.03 274 28.1 
1.03 270
27k dPS 27.0 �1.1 241 25.6 
1.03 229

a Polymer Laboratories, Inc. (the sample labeled with an asterisk came from Polymer Source, Inc.).
b Measured by Qing Gi at the Virginia Polytechnic Institute and State University by GPC against regular PS standards in

N-methyl pyrrolidone on a Waters 150C instrument with a differential viscometric detector.
c Weight-average degree of polymerization.
d The relative error in the measured data is about 4%.
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network and guard against crosslinking of the PS
underlayer. By following this procedure, we could
wash away the PS layer with CHCl3 after exposure.
This observation suggests there was no significant
crosslinking of the PS layer during exposure. Pre-
liminary crosslinking experiments for this IPCC
sample following established procedures34 for LB
films prepared on hydrophobized quartz substrates
in air revealed a maximum conversion to the cy-
cloaddition product of about 20%. This value corre-
sponds to a maximum crosslinking density of one
crosslink per 15 monomers. As the major limitation
to crosslinking is the mobility of the side chains and
the proximity of additional crosslinking groups,
similar values should be observed for the crosslink-
ing conditions used in this study. Crosslinking tests
for pure IPCC films on Si wafers followed by CHCl3
extraction produced insoluble films of identical
thickness for both the model studies and the proce-
dure used in this report. Moreover, the crosslinking
density does not seem to be a major factor in the
membrane-mediated interdiffusion studies, as sim-
ilar results were seen for noncrosslinked samples.

In addition to the aforementioned precautions,
some simple testing of the effect swelling had on
the IPCC membrane layer was also performed.
Bilayer samples consisting of air//IPCC (40 nm,
crosslinked and noncrosslinked)/dPS (1.4 k, 100
nm, prepared by Jimmy Mays at the University of
Tennessee)//Si were prepared. The samples were
then annealed as a function of temperature from
50 to 160 °C. For the temperature range of 50–
140 °C, NR experiments revealed a gradual in-
crease in the interfacial width from 2 to 15 nm.
Between 140 and 160 °C, there was a sharp in-
crease in the interfacial width along with the
onset of macroscopic cracking of the crosslinked
network. Similar bilayer experiments with the
40k dPS sample used in this study revealed
smaller interfacial widths, as expected. On the
basis of these control experiments and the fact
that all annealing was carried out in vacuo, the
membranes are believed to be thermally and me-
chanically stable for annealing at 120 °C, as done
in this study.

Preparation of the Top PS Layer of the Air//C/B/
A//Si Trilayer Samples

Polymer C, a second PS sample, of a thickness 70
� d (nm) � 90, was then floated on top of mem-
brane B to form a trilayer. The 70–90-nm-thick
film of polymer C was prepared via the spin coat-
ing of a filtered (0.25-	m Teflon) PS solution onto

a hydrophilic Si wafer. The wafer was prepared as
described previously, but it was not exposed to
hydrofluoric acid or an ammonium fluoride solu-
tion to retain a hydrophilic surface. Deionized
water (Nanopure system, Barnstead) was used to
lift the spin-coated film C from the hydrophilic
wafer, and the hydrophobic Si wafer containing
polymer A and the membrane B was used to pick
up the floating polymer film C from the water
surface. The final trilayer film was then dried for
at least 2 h at 80 °C in vacuo to remove residual
water.

NR Measurements

NR experiments were carried out on the NG7
reflectometer at the National Institute of Stan-
dards and Technology Center for Neutron Re-
search. The instrumental resolution (dq/q), wave-
length (�), and accessible range of the scattering
wavevector [q � (4�/�) sin �, where � is the inci-
dent angle] were approximately 0.045, 0.475 nm,
and 0–2.4 nm�1, respectively.

NR Data Analysis

NR experiments on the trilayers provided unam-
biguous values of the initial dPS layer thick-
nesses because of the large SLD contrast between
dPS and the hydrogenous materials. Additionally,
the layer thicknesses were measured by X-ray
reflectivity (XR) to provide consistency checks. XR
measurements were carried out on a modified
diffractometer (Scintag, Santa Clara, CA) with
Cu K� radiation with a wavelength of 0.1542 nm
at the National Institute of Standards and Tech-
nology Center for Neutron Research to obtain the
initial hPS layer thickness (when it was the bot-
tom layer) and the total film thickness at the end
of the experiment for all films.35 Similarly, XR
was used to test several wafers possessing six
IPCC layers on spin-coated PS films. These mea-
surements always gave values of 5.7 � 0.1 nm or
0.95 nm layer�1, which was consistent with pub-
lished results.8 This information was consistent
with quantitative LB transfer of the IPCC onto
the PS-coated surface of the Si wafer. Addition-
ally, the XR results provided an independent
check of the standard multilayer fitting routine36

used for modeling the NR data.

Quench Experiments

The trilayer samples were stepwise annealed at
120 °C, which was 20 K above the glass-transition
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temperature (Tg) for PS (Tg � 100 °C), in a pre-
equilibrated vacuum oven; this allowed the two
polymers to interdiffuse through the membrane.
After a sample was removed from the oven, nearly
instantaneous quenching of the system to room
temperature (�Tg) was achieved on a 0 °C alumi-
num block that arrested the interdiffusion pro-
cess for depth profiling by NR. Quenching below
Tg was required as NR experiments took 0.5–4.5
h per sample, the time depending on the volume
fraction of deuterium-labeled species in the sam-
ple and the spacing between data points required
to resolve the features in the NR profiles.

RESULTS

Characterization of the Initial State

Figure 1 shows plots of the reflectivity [R(q)],
which is the number of reflected neutrons divided
by the number of incident neutrons, as a function
of q along with plots of the SLD (b/V) as a function
of depth (d) from the air interface for three rep-
resentative samples: (I) air//dPS (27 k)/IPCC (5.7
nm)/dPS (40 k)//Si, (II) air//hPS (39 k)/IPCC (5.7
nm)/dPS (40 k)//Si, and (III) air//hPS (28 k)/IPCC
(5.7 nm)/hPS (36 k)//Si. The three SLD profiles
show a dip for the membrane as (b/V)dPS  (b/
V)hPS 	 (b/V)IPCC. All three samples have slightly
different total trilayer thicknesses between 125
and 155 nm, whereas the bottom layer thickness
is fairly uniform with d � 50 nm. The membrane
layer thickness, 5.7 nm, is identical for all three
systems. The reflectivity profiles have dramati-
cally different features arising from different iso-
topic labeling. As eq 2 shows, the refractive index
for neutrons is less than one for normal materials.
Hence, all samples exhibit total reflection of all
neutrons, R(q) � 1, for values of � below the
critical angle (�c). By applying Snell’s law, we can
define �c for small � values as follows:

�c � cos�1�1 � �� � �2��1/2 (3)

On the basis of eq 3, the shift in �c to smaller q
values in the progression of I 3 III for Figure 1
occurs because (b/V)dPS is greater than (b/V)Si but
(b/V)hPS is less than (b/V)Si and (b/V)IPCC is less
than (b/V)Si. Hence, the critical wavevector (qc)
value observed for the air//hPS/IPCC/hPS//Si
samples is essentially just the value for Si. Above
qc, some of the neutrons penetrate the sample,
and this results in a drop in R(q). For q 	 qc,

there is a dramatic difference in both the magni-
tude of R(q) and the shapes of the profiles. The
overall drop in R(q) for the progression I3 III in
Figure 1 is due to the loss of strong contrast
between the air and polymer at the air/film inter-
face per unit of volume.

Another striking feature of Figure 1 is the dif-
ference in the complexity of the R(q)–q profiles.
For sample II, there is a simple periodic struc-
ture. Periodic oscillations in R(q) or Keissig
fringes represent constructive/destructive inter-
ference between neutrons reflected from different
interfaces within multilayer samples. For I in
Figure 1, the complex structure arises from inter-
ference between neutrons reflected from the air//
dPS, dPS/IPCC, IPCC/dPS, and dPS//Si inter-
faces. By measuring the spacing between periodic
maxima or minima (
q), we can calculate the
relevant length scale (L) responsible for a feature
from Bragg’s law for diffraction that reduces
down to

L � �2�/
q) (4)

The solid curves in Figure 1 for R(q) versus q
represent results obtained from the fitting of the

Figure 1. Representative reflectivity and model SLD
profiles for the initial states: (I) air//dPS (27 k)/IPCC
(5.7 nm)/dPS (40 k)//Si, (II) air//hPS (39 k)/IPCC (5.7
nm)/dPS (40 k)//Si, and (III) air//hPS (28 k)/IPCC (5.7
nm)/hPS (36 k)//Si. The three graphs on the left-hand
side show (E) the reflectivity data and (—) the best fits
of the data based on the corresponding model SLD
profile given to the right. At q � 0.8 nm�1, the standard
deviation in the data is smaller than the symbol size. At
the highest q values, the standard deviations corre-
spond to half a decade on a logarithmic scale at most.
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experimental data according to the SLD profiles
with a fitting routine running in Microsoft Ex-
cel.36 Although NR is sometimes criticized as a
model-dependent technique for obtaining struc-
tural information, the strong interference be-
tween neutrons scattered from the different inter-
faces means that the fits are very sensitive to the
membrane position, and this feature essentially
eliminates any ambiguity for the membrane posi-
tion within the trilayer samples. Moreover, with
X-ray measurements, and because there is no
change in the b/V of the top and bottom layers for
dPS/IPCC/dPS or hPS/IPCC/hPS, the models
have very few parameters besides the membrane
position, thickness, roughness, and composition.
Configuration II in Figure 1 leads to a much sim-
pler reflectivity profile. Moreover, a quick calcu-
lation of the thickness according to eq 4 shows
that the relevant length scale of about 52 nm
simply corresponds to the thickness of the dPS
layer on the Si substrate. In essence, the low SLD
of the hPS and membrane layers makes them
nearly transparent in comparison with the dPS
layer as strong scattering is only obtained from
the IPCC/dPS and dPS//Si interfaces. A similar
result is seen if one flips the configuration, air//
dPS/IPCC/hPS//Si, an important control done in a
previous study,20 which yields a different R(q)
profile, as shown in Figure 2. The reason for the

different pattern is that there is now a strong
reflection from the air//dPS and dPS/IPCC inter-
faces, and the dPS layer in Figure 2 is thicker
than the dPS layer in Figure 1, configuration II.
As a result, the spacing of the features (
q) is
consistent with the total film thickness of the
floated dPS layer, about 75 nm. Although reflec-
tion from the air//hPS and hPS/IPCC interfaces
does not significantly contribute to the observed
R(q) profile for the initial state, this is no longer
the case in the air//hPS/IPCC/hPS//Si samples
(configuration III in Fig. 1) because of the absence
of a strong scattering layer such as dPS within
the trilayer film. Hence, even though air//hPS and
IPCC/hPS interfaces weakly reflect neutrons,
there is sufficient contrast between them that
interference from scattering at the air//hPS, hPS/
IPCC, IPCC/hPS, and hPS//Si interfaces signifi-
cantly contributes to the pattern shown in Figure
1. However, the overall reflected intensity R(q) is
lower than that of I and II in Figure 1 or the re-
versed configuration in Figure 2 because of the over-
all lower neutron SLD present in the system. The
next section examines dynamic studies with config-
uration III from Figure 1.

Quench Experiments with Air//hPS/IPCC/hPS//Si
Films

Interdiffusion commences upon the annealing of
the films above Tg of PS. Previous studies of air//
hPS/IPCC/dPS//Si and air//dPS/IPCC/hPS//Si
samples, in which hPS and dPS had equivalent
molecular weights, showed that dPS crossed the
membrane more quickly than hPS of equivalent
size.20 Similarly, experiments with air//dPS/
IPCC/dPS//Si films showed unequal fluxes of the
two layers across the interface for mismatched
molecular weights.21 Figure 3 shows representa-
tive raw reflectivity data and fitting results for an
air//hPS (28 k)/IPCC/hPS(36 k)//Si film at differ-
ent annealing times. The SLD models used to fit
the data in Figure 3 show that there is a steady
migration of the freestanding membrane (the dip
in the SLD profile) toward the air interface in the
direction of the initially smaller molecular weight
species. This observation was expected from pre-
vious studies showing how the small-molar-mass
species swells the higher molecular weight spe-
cies.37 As it is possible to reverse the direction of
the motion by the flipping of the configuration
with respect to Si and air,20 the movement of the
membrane toward the Si substrate is arbitrarily
defined as positive displacement. Figure 4 shows

Figure 2. Reflectivity and model SLD profile for the
initial state of air//dPS (40 k)/IPCC (5.7 nm)/hPS (39
k)//Si. The top graph shows (E) the reflectivity data and
(—) the best fits of the data based on the corresponding
model SLD profile given in the bottom plot. At q � 0.8
nm�1, the standard deviation in the data is smaller
than the symbol size. At the highest q values, the
standard deviations correspond to half a decade on a
logarithmic scale at most.

POLYMER DYNAMICS IN HYDROGENOUS SYSTEMS 3253



the membrane displacement (
x) as a function of
the annealing time (t) for three different hPS/
IPCC/hPS pairs. The results show that the abso-
lute values of the rates (d
x/dt, initial slopes) and
final displacements of the membrane (plateaus)
increase in magnitude as the difference in the

molecular weight between the top and bottom
layers grows. Through the careful selection of the
thicknesses of the layers, it is possible to avoid a
situation in which the membrane hits the air//film
interface or the Si substrate, as might occur if the
differences in the molecular weight between lay-
ers A and C were too great. As long as 
x is not
influenced by the air or Si interfaces, the final
displacement of the membrane serves as a sensi-
tive measure of both isotopic and molecular
weight effects on membrane-mediated interdiffu-
sion. Figure 5 shows the final membrane displace-
ment (
xf) plotted as a function of the difference
in the weight-average degree of polymerization
(
P) for the series of air//hPS (variable)/IPCC (5.7
nm)/hPS (36 k)//Si samples. Data for sets of air//
hPS (variable)/IPCC (5.7 nm)/dPS (40 k)//Si and
air//dPS (variable)/IPCC (5.7 nm)/dPS (40 k)//Si
samples21 are also included in Figure 5 for com-
parison. Figure 5 shows linear relationships be-
tween 
xf and 
P for all three configurations. The
air//hPS/IPCC/hPS//Si data nicely agree with the
air//dPS/IPCC/dPS//Si samples and produce iden-
tical slopes within the experimental error. This
result indicates that the slope of the 
xf–
P plot
solely provides information about the molecular
weight contribution toward 
x. Looking at the
air//hPS (variable)/IPCC (5.7 nm)/dPS (40 k)//Si
data, we find that the slope is the same, indicat-
ing the same molecular weight dependence, but
the x-axis intercept is shifted considerably, re-
vealing membrane displacement from its initial
position for matched molecular weight species.
This shift implies that an isotopic effect is present
in the air//hPS/IPCC/dPS//Si systems.

Figure 3. Representative reflectivity and model SLD
profiles for air//hPS (28 k)/IPCC (5.7 nm)/hPS (36 k)//Si
at three annealing times. The three graphs on the
left-hand side show (E) the reflectivity data and (—) the
best fits of the data based on the corresponding model
SLD profile given to the right for (a) 10, (b) 30, and (c)
60 min of annealing at 120 °C. At q � 0.8 nm�1, the
standard deviation in the data is smaller than the
symbol size. At the highest q values, the standard
deviations correspond to half a decade on a logarithmic
scale at most. The graph clearly shows the displace-
ment of the membrane (the dip in the SLD) toward the
air interface.

Figure 4. Kinetics of membrane displacement with
air//hPS (variable, as indicated on the graph)/IPCC (5.7
nm)/hPS (36 k)//Si. The maximum error for the mem-
brane position is about �2 nm. The kinetics of mem-
brane displacement can be fit by a single exponential
function: 
x � a � b exp(�ct).

Figure 5. 
xf as a function of the difference in 
P
between (‚) the top polymer layer (B) of variable P and
the reference bottom layer [A � hPS (36 k)] with P
� 358. Data are also shown for (E) air//hPS (variable)/
IPCC (5.7 nm)//dPS (40 k)//Si and (�) air//dPS (vari-
able)/IPCC (5.7 nm)//dPS (40 k)//Si. The fitting line for
the dPS/dPS data has been omitted for clarity.
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DISCUSSION

Significance of Membrane Displacement

Differences in the chemical potential (
	) be-
tween the upper and lower layers drive interdif-
fusion through a freestanding membrane.38,39

The displacement of the freestanding membrane
shown in Figure 3 arises from unequal fluxes, ji
� Mi � ƒ	i,

39 where Mi is the Onsager transport
coefficient of species i. Assuming a solution–dif-
fusion model, we can break up the mechanism for
polymer transport across the membrane into
three steps: (1) polymer sorption onto the mem-
brane, (2) polymer diffusion through the mem-
brane, and (3) polymer desorption from the mem-
brane on the opposite side. For a solution–diffu-
sion model, the membrane permeability can be
defined as the product of the solubility coefficient
and diffusion coefficient (P � S � D). For air//
hPS/IPCC/hPS//Si films, the solubility of the dif-
ferent hPS samples used will not vary greatly
over the limited molecular weight range exam-
ined. However, there will be a substantial differ-
ence in the tracer diffusion coefficients, at least
20% for the smallest hPS sample in comparison
with 36 kg/mol hPS under the assumption of non-
entangled dynamics, and this difference will be
greater for the highest molecular weight sample.
Hence, differences in the tracer diffusion coeffi-
cients drive membrane displacement for the air//
hPS/IPCC/hPS//Si films. Figure 5 shows that for
each unit difference in the number of repeating
units between polymer A and C, the membrane
will move by 0.16 nm for the layer thicknesses
used in this study. In this respect, the displace-
ment of the interface is reminiscent of the Kirk-
endall effect experiment, in which oxide impuri-
ties present at the interface of a metallic diffusion
couple allow one to track the position of the inter-
face,22–24 and the use of vapor-deposited gold
marker experiments in polymer systems allows
one to track the position of the interface.25–30 As
similar results have been found for the air//dPS/
IPCC/dPS//Si films, one may erroneously con-
clude that the IPCC membrane serves as nothing
more than a sensitive marker for NR experi-
ments. The other line in Figure 5 tells a different
story.

Isotope Effects

The air//hPS/IPCC/dPS//Si systems in Figure 5 pro-
vide an important contradiction to the marker ex-

periments. In particular, the system air//hPS (39
k)/IPCC (5.7 nm)/dPS(40 k)//Si should possess equal
tracer diffusion coefficients for hPS and dPS
(DhPS,tracer � DdPS,tracer). Under these conditions,
both the Kirkendall experiments22–24 and inert gold
particles used in polymer systems25–28 would lead
to a stationary interface. The fact that the IPCC
membrane moves means that the membrane is not
inert and that the phenomenon studied here is fun-
damentally different from classical marker experi-
ments. In effect, the crosslinked IPCC is functioning
as an isotope-selective membrane.

The origin of the isotopic effect in the membrane
system appears to be the collective contribution of
small differences in the polarizability and molar
volume between COH and COD bonds to create a
slightly positive monomer–monomer interaction pa-
rameter (�AB).15 As the membrane system has a
ternary phase diagram, the relevant interactions
are between IPCC, dPS, and hPS. In terms of pair-
wise interaction parameters, this reduces to
�IPCChPS, �IPCCdPS, and �hPSdPS. Literature re-
sults for dPS and hPS show that �dPShPS can be
estimated to be approximately 2 � 10�4 at 120
°C.15 Decreasing entropies of mixing with in-
creasing polymer molecular weight are reflected
in the expression of the critical value of the
interaction parameter: �AB,c � 0.5(nA

�1/2 �
nB

�1/2)2. For this case, the weight-average de-
grees of polymerization are nA � 359 and nB
� 361 for matched dPS and hPS, respectively,
and �AB,c is equal to 0.5(nA

�1/2 � nB
�1/2)2 � 6

� 10�3.40 Hence, �AB,c is at least larger by a
factor of 10 than the estimated value of �dPShPS,
and this indicates that the system is far above
its upper critical solution temperature and well
inside the one-phase region of the phase dia-
gram. Although the effects on the dPS/hPS in-
teractions are negligible, it is reasonable to con-
clude that �IPCChPS is not equal to �IPCCdPS,
which reflects differences in monomer–mono-
mer interactions between hPS and IPCC and
between dPS and IPCC. The difference in �AB
upon isotopic labeling then results in a greater
dPS flux through the IPCC membrane for the
matched molecular weight case. This conclusion
is consistent with shifts seen in the phase dia-
grams of blends between other polymer pairs,
such as PS and poly(vinyl methyl ether) upon
the isotopic labeling of PS.41 Even though �AB
can depend on the molecular mass,42 the pre-
dominant effect arises from the chemical groups
present in the monomer structure. Hence, it is
reasonable to assume that the magnitude of
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�IPCChPS and �IPCCdPS will be retained for dif-
ferent molecular masses even down to monomer
sizes. Precedence for isotopic effects on trans-
port processes can also be found in studies of
small-molecule systems.23,43,44

Advantages of Isotopic Labeling for NR

Given the fact that isotopic labeling can alter the
thermodynamics and dynamics of a system, a fair
question would be, “Why use isotopic labeling at all
for NR experiments?” For structural studies, an
obvious reason would be the ability to see a specific
part of a molecule or surface. Partial deuterium
labeling of surfactants,4 block copolymers,6 and
polymer blends7 allows one to determine which part
of a molecule adsorbs to a surface, the existence of
lamellar ordering, and surface segregation of differ-
ent components at a surface, respectively. For dy-
namic experiments, there are three main reasons.
The first is that interactions between diffusants and
markers, which are often assumed to be inert, can
influence the property being measured. As shown
previously, the membrane does in fact show differ-
ential permeabilities for dPS and hPS, whereas re-
cent studies have suggested that interactions be-
tween gold nanoparticles and polymers alter the
dynamics of both the polymers and the nanopar-
ticles.29,30 The second reason is that with isotopic
labeling of one component without a marker, it is
possible to study the early interdiffusion between
two polymers in a bilayer film. Previous studies
used this approach to show that the interface does
not move without the IPCC membrane.21 Moreover,
the use of isotopic labeling in NR as well as other
techniques allows one to deduce the interdiffusion
coefficient directly from the data through the diffu-
sion equation10 in contrast to marker experi-
ments.25–28

The final reason for using isotopic labeling is
time constraints. The signal-to-noise ratio in NR
depends on the square root of the number of re-
flected neutrons counted. Hence, a practical cutoff
for the level of error stated in the figure legends is
100 reflected neutrons. Figure 6 shows the final
states after annealing for the same samples shown
in Figure 1. As shown in Figure 6, the density of
data points necessary to resolve the features is the
same for all three configurations (I–III), as all three
samples have comparable individual layer and
overall film thicknesses. However, no data were
taken for configuration III for q 	 1.0 nm�1. Look-
ing at configuration I and II, we find that R(q) never
dips below R(q) � 10�5, yet R(q) for configuration

III, air//hPS/IPCC/hPS//Si, falls below 10�5 for q
	 0.7 nm�1. Hence, 4.5 h was needed for configura-
tion III to measure a single reflectivity profile. In
contrast, configuration I only took about 35 min and
configuration II took roughly 1 h to obtain the
curves shown in Figure 6, even though a wider q
range was probed with respect to configuration III.
Thus, even though comparable dynamic informa-
tion can be obtained with the purely hydrogenous
system, the stronger reflection of neutrons from
deuterium-labeled materials yields the possibility of
obtaining more data with better signal-to-noise ra-
tios and shorter experimental times.

CONCLUSIONS

NR has been successfully used to study membrane-
mediated polymer interdiffusion for hydrogenous
systems. These data are consistent with previous
studies using deuterium labeling that showed ultra-
thin IPCC membranes could not be regarded as
inert markers and were in fact isotope-selective.20,21

These studies offer new insight into transport pro-
cesses across ultrathin barrier layers that may be
useful for understanding transport phenomena in

Figure 6. Representative reflectivity and model SLD
profiles for the final states: (I) air//dPS (27 k)/IPCC (5.7
nm)/dPS (40 k)//Si, (II) air//hPS (39 k)/IPCC (5.7 nm)/
dPS (40 k)//Si, and (III) air//hPS (28 k)/IPCC (5.7 nm)/
hPS (36 k)//Si. The three graphs on the left-hand side
show (E) the reflectivity data and (—) the best fits of
the data based on the corresponding model SLD profile
given to the right. At q � 0.8 nm�1, the standard
deviation in the data is smaller than the symbol size. At
the highest q values, the standard deviations corre-
spond to half a decade on a logarithmic scale at most.
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other thin-film45 and membrane systems of compa-
rable dimensions, such as biological cells44,46,47 and
gas-separation membranes.48
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